The small pelagic sprat (Sprattus sprattus) is a key ecologic player in the Baltic Sea. However, there is longterm variability in recruitment which is thought to be influenced by fluctuations in abiotic and biotic conditions experienced during the early life stages. This study concentrates on the influence of different ambient salinities on sprat egg development, egg buoyancy and survival as well as early yolk sac larval morphometric traits. Egg buoyancy significantly decreased with increasing salinity experienced during fertilization and/or incubation experiments. Field egg buoyancy measurements in 2007 and 2008 exhibited annual and seasonal differences in specific gravity, potentially associated with changes in adult sprat vertical distribution. Neither egg development time nor the duration of the yolk sac phase differed among salinity treatments. At eye pigmentation, larval standard length exhibited high variance among individuals but did not differ among treatments. The largest ecological impact of salinity experienced during spawning was the modification the buoyancy of eggs and yolk sac larvae, which determines their vertical habitat in the Baltic Sea. There are strong thermo-and oxyclines in the Baltic Sea, and thus salinity can indirectly impact the survival of these early life stages by modifying the ambient temperatures and oxygen conditions experienced.
INTRODUCTION
The population dynamics of sprat (Sprattus sprattus) are driven by large variability in recruitment caused by fluctuations in abiotic (Grauman and Yula, 1989; Köster et al., 2003) and biotic (e.g. Köster and Möllmann, 2000) conditions experienced by early life stages (ELS). Sprat in the Baltic Sea inhabits waters with the lowest salinities and temperatures experienced by this species (Muus and Nielsen, 1999) and displays adaptations to the environment (Kändler, 1941; Parmanne et al., 1994) . The highly stratified, deep basins in the central Baltic Sea are known to be the major spawning grounds of Baltic sprat. Abiotic conditions vary spatially and seasonally, which leads to changing conditions for survival and development of ELS. Baltic sprat can have a prolonged spawning season lasting from March to August (Aro, 1989) and display diel vertical migration through thermo-and haloclines (Stepputtis, 2006) . Due to these factors, different batches of eggs probably experience markedly different abiotic conditions. Although previous studies have quantified the influence of temperature on the survival and development rate of sprat eggs and larvae (Nissling, 2004; Petereit et al., 2008) , no studies have evaluated the impact of salinity. The latter is surprising given that salinity has been shown to be a critical factor influencing the reproductive success of other Baltic Sea fish species, such as Atlantic cod (Gadus morhua), due to the impacts of salinity on egg buoyancy (Nissling and Westin, 1991b) .
Recently, Govoni and Forward (2008) reviewed buoyancy patterns of eggs, yolk sac larvae and later larval stages of fish. In marine fish eggs, density (buoyancy) appears to be derived and controlled through passive physiological mechanisms including alteration of constituent compounds within the eggs and, prior to spawning, through developmental events within the ovary (Goarant et al., 2007; Govoni and Forward, 2008 and references therein) . It is known that brackish water eggs can have a relatively high (>96%) water content (e.g. cod, Thorsen et al., 1996) due to increased water uptake during final oocyte maturation (Craik and Harvey, 1987) , which is aquaporin-mediated (Fabra et al., 2005) . This is caused by a high intracellular content of free amino acid (FAA), chloride anion (Cl -) and ammonia (NH 4 + ), where the high FAA pool is derived from hydrolysis of yolk proteins (Thorsen et al., 1996) .
Previous studies have examined the effects of salinity on egg buoyancy and the intrinsic factors impacting egg buoyancy in Baltic Sea fish species. For example, Baltic cod egg mortality and hatching success has been evaluated at different salinities (Nissling and Westin, 1991a) , and egg buoyancy has been analyzed in both laboratory experiments and for field samples (Nissling and Westin, 1991b; Nissling et al., 1994a; Nissling and Vallin, 1996; Nissling and Westin, 1997) . The effects of different incubation salinities on larval size at hatch, buoyancy, survival, activity-level and feeding ability were assessed from experimental incubation work (Nissling et al., 1994b; Nissling and Vallin, 1996) . Nissling et al. (1994a) reported that egg buoyancy in Baltic cod is significantly correlated with yolk osmolality and chorion thickness but only weakly correlated with egg size. In herring (Clupea harengus), a clupeid species that, unlike sprat, spawns benthic eggs, Holliday and Blaxter (1960) compared fertilization rates and osmotic concentrations after fertilization and incubation in salinities ranging from 5.9 to 52.5. They found higher water content in the perivitelline membrane of eggs incubated at low salinities and related this to the salinity during fertilization. Only a single study has examined sprat egg specific gravity and vertical egg distribution (Nissling et al., 2003) ; however, to our knowledge no study has been performed on the effects of salinity during fertilization and incubation from the egg phase until the end of yolk sac larval stage in sprat. The present study attempts to fill this gap.
The objectives of the present study were to evaluate the effects of fertilization and/or incubation salinity on the buoyancy, survival and development rate of sprat eggs and the survival and morphometrics of yolk sac larvae. The morphometric traits examined included larval standard length, yolk sac area and body area at hatching, eye-pigmentation (as a proxy for first feeding) and the timing of yolk sac depletion. Our underlying hypotheses were that fertilization and incubation at different salinities will have impacts on i) the duration of the embryonic phase, ii) egg buoyancy and iii) the morphometric traits of yolk sac larvae. To compare experimental results with field samples, sprat egg buoyancy and egg size measurements were performed in spring and early summer 2007 and 2008 at selected stations in the Bornholm Basin, Baltic Sea.
MATERIALS AND METHODS
In total, 4 different trials of experiments were conducted. Three of these trials (trials 1, 2 and 4) used different salinities during the egg fertilization and incubation process and therefore are labeled "fertilization trials". In one trial (trial 3) eggs were fertilized at one salinity and immediately separated into different incubation salinities; this trial is labeled "incubation trial". Salinity was measured in practical salinity units (psu) and values are presented as a dimensionless parameter. Details on locations, sampling times and abiotic conditions are listed in Table  1 . Sprat were caught by pelagic trawl (Engel Combi Trawl, codend mesh size: 10 mm) in the Bornholm Basin, Baltic Sea, during cruises of the RV "Alkor" in mid April and June 2007. For numbers of females/ males used in each trial see Table 1 .
Eggs were manually stripped and collected within a test tube and then distributed in equal amounts among three test tubes containing tempered artificial seawater (Aquarium Brand) of defined salinities (see Table 1 ). One droplet of semen was transferred with a pipette into each of the tubes and gently stirred. Eggs at each experimental salinity were subsequently decanted into three replicate beakers containing 150 ml. The same method was used for trials 1, 2 and 4, but eggs from trial 4 were only used for density observations. Unlike the above mentioned trials, eggs in trial 3 were activated in a beaker containing 1µm filtered Baltic seawater with a salinity of 7.5. Within 5 min after activation, eggs were gently and randomly decanted into three replicate glass beakers containing 150 ml of 6°C artificial seawater with salinities of 5, 8, 11, 14, 18, 30, and 35 . Fertilization success was not directly measured prior to loading eggs into replicate beakers. The egg phase was defined as the period from semen activation (at contact with the eggs) until hatching of the larvae from the chorion, and determined cumulative egg survival during that whole period. Dead (changing color from transparent to pale white) and unfertilized eggs (showing no clear cell divisions) were removed with a pipette and a minimum of 1/3 of the water from each beaker was changed daily.
Eggs were staged following the scheme presented by Thompson et al. (1981) , which was modified due to early hatching at the end of stage IV by sprat in the Baltic Sea. Every 24 h subsamples of eggs (1 to 2 per replicate) were checked for developmental stage at 16x magnification. Due to the low overall number of eggs per trial, eggs were returned to their respective beakers after staging (within <20 s). The temperature controlled laboratory on the RV "Alkor" had to be illuminated for 24 h and this photoperiod was continued at the institute's laboratory. 
Egg buoyancy
For trials 1, 2 and 3 the positions of the eggs within the glass beakers were visually determined each day and categorized (bottom, floating, surface). In addition, (for trials 1 and 3) densities of three eggs (at developmental stage III) per salinity treatment (one egg per replicate) were determined in a salinity gradient column (Coombs, 1981; Nissling et al., 2003) . The positions of the eggs in the column were compared with the positions of 4 density floats of known specific gravity (correlation coefficient of the calibration floats >0.99) at 6°C in a temperature controlled laboratory.
Each egg at stage I from trial 4 was placed at 8.9°C in a new beaker which contained filtered seawater of the respective fertilization salinity. For trials with salinity of 7 and 8, water of higher salinity was gently poured with a pipette as long as eggs were laying on the bottom of the beaker and was immediately stopped when eggs came off the bottom. At a given temperature and known salinity conditions (measured by a calibrated salinometer (WTW instruments ±0.1 psu error) it is possible to calculate the accurate density of the seawater sample (Fofonoff and Millard, 1983) . These calculations were performed after the eggs attained neutral buoyancy in the beaker for at least 60 min. For the 9 and 10 salinity treatments, lower salinity water was first added since eggs were already floating near the surface. Once the eggs had sunk, higher salinity water was utilized as described above.
Field sampling
Eggs were caught by either a WP-2 plankton net (60 cm diameter, 200 µm mesh size) or 'Helgoländer Larven Netz' (HLN, 143 cm diameter, 300 µm mesh size) towed vertically from 5 m above the bottom (68 to 95 m bottom depth depending on the station) to the surface. Eggs were immediately sorted from samples with 3 mm diameter pipettes and staged. Egg diameter was measured to the nearest scale bar below (0.1 mm or 0.06 mm) at 10x or 16x magnification, and thus the highest possible resolution of size classes was guaranteed. On some cruises, ship movements required a change in resolution. For this reason, only eggs within the same broad size class (small, 1.26 to 1.38 mm; medium, 1.39 to 1.51 mm; large, 1.52 to 1.64 mm) were compared among different sampling dates.
The number of stations sampled and eggs measured differed between cruises (Table 2 ). Whereas in April 2008 just three stations in the Bornholm Basin could be analyzed (31 eggs) the May/June 2008 cruise (9 stations, 520 eggs) covered the northern, central and southern parts of the Bornholm Basin and yielded about 20 to 30 eggs per size class for density-measurements (see above). The depth at which each egg would have had potential density equilibrium was calculated from temperature, salinity, oxygen, and sigma-t profiles measured using a CTD (ADM-company) at each station.
In April and May/June 2007 repeated Multinet hauls (MN, 335 µm mesh size, 0.5 m² net opening, 5 m depth interval) were performed at the HLN and WP-2 stations and analyzed for egg vertical distribution (Haslob et al., 2007; Harjes, 2008) . The experimentally derived egg buoyancy data set from May/ June 2007 was back calculated to the potential vertical distribution (depth in meters) which compared well to the observed egg vertical distribution from Multinet samples (Table 2, Harjes, 2008) . Since the sample size of buoyancy measured eggs for April 2007 was too small to cover the whole possible range in depths, we employed the vertical egg distribution derived from Multinet samples (between 50 and 70 m depth where >90% of eggs were located; from Harjes, 2008) . Temperature and salinity profiles from CTD casts were used to calculate density (sigma-t) values in the depth range of the observed vertical egg distribution.
Larval morphometrics
Larval morphometrics were analyzed for experimental trials 1 and 3. From each salinity treatment, 8 to 19 larvae were randomly sampled at peak-hatch. At eye pigmentation (EP, as a proxy for mouth gape opening) at day 9, (trial 3) and yolk sac depletion (YSD) at day 11 (trial 1) sample sizes had to be reduced due to low numbers of remaining larvae. Results at salinities of 30 and 35 were excluded from the analyses since larval mortality was high (only a single larva survived per treatment). Larvae were placed on a micrometer scale (1/10 mm scale parts) and photographed under a stereomicroscope (WILD M3Z) equipped with a digital camera system (Canon Ixus Digital Camera). Morphometric measurements and determination of EP and YSD were based on larval images, the YSD was based on <5% of original yolk sac area remaining. Standard length (SL, mm) was measured from the tip of the mouth until the end of the urostyl. The yolk sac area (YSA, mm²) and body area (BA, mm², excluding larval finfolds) were determined by tracing and integrating the area with image analysis software (Image Tool 3.0; http://ddsdx.uthscsa.edu/ dig/download.html).
Statistics
All statistical analyses were performed using the programs STATISTICA, STATeasy and SigmaPlot. No statistical tests were applied to compare egg development durations, durations to EP and time to yolk sac depletion since all larvae reached the respective development stage in all respective salinities on the same sampling day. A two-way (trial x salinity) ANOVA was applied to compare egg survival rates between trial 1 and 2. Although marginal deviations from the homogeneity of variances (Cochran test) were detected, irrespective of the data transformation procedure, normal distribution assumptions were accepted. As a consequence, egg survival of each trial was also compared by one-way ANOVAs separately to test for differences among salinities. Fertilization experiment egg buoyancy values, egg size class density values and larval morphometric traits (SL, YSA, BA) were compared among salinity treatments by one-way factorial ANOVAs, after meeting the assumptions of variance homogeneity (Levene´s or Hartley F-max test) and normality (Shapiro Wilks W test). When significant differences were detected, a Tukey HSD test was applied. Egg density values (all egg size classes pooled) were compared for April and May versus June 2008 using a Mann Whitney U-test.
RESULTS

Egg phase
Egg development and survival
Egg development time (from fertilization until hatching) was unaffected by fertilization salinity and was 9 days at 6.0 to 6.3°C for all salinities (Table 3) . Survival from fertilization to hatch was influenced by salinity in fertilization trial 2 (p=0.0007, Fig. 1a , Tables 3 and 4). Survival was significantly lower at a salinity of 8 compared to survival at salinities of 14 and 20 (Tukey HSD, p=0.001). Survival of eggs in trial 1 was significantly higher than in trial 2 (p<0.05). In trial 3, no eggs survived at the lowest incubation salinity (5) but survival was not significantly different at salinities between 8 and 35 (p=0.95; Fig. 1b , Tables 3 and 4) . 
Egg buoyancy derived from fertilization/incubation experiments
Irrespective of fertilization salinity (7.5, 8, 14, 20) , eggs were buoyant at salinities ≥14. At 14 approximately 50% of the eggs were floating in the midwater and 50% in the surface layer. At salinities of 5, 8 and 11, eggs were on the bottom and at 18, 20, 30 and 35, eggs floated in the surface layer.
Experimental sprat egg buoyancy values (egg stage III, Table 5 ) in April 2007 differed significantly between salinity levels 8 and 14 (p<0.05), and between 8 and 20 (p<0.006). The buoyancy decreased with increasing fertilization salinity (Fig. 2a) and was best described for the fertilization salinity trials by a linear function (Table 6 ). This increasing trend was also visible after fertilization at salinity 7.5 and immediate (<5 min after egg activation) transfer to higher saline incubation conditions in trial 3 (Fig.  2a) ; however, in this case, was best described by a non-linear function (Table 6 ). For both fertilization/ incubation datasets, the effect of salinity on egg den- sity values was best described using a second-order polynomial function (Fig. 2a, Table 6 ). During the June experiments, egg density (stage I) significantly increased with increasing salinity (Fig. 2b , Table 5 ).
Egg buoyancy derived from field samplings
Egg density (g*cm -³) ranged from 1.0060 to 1.0110 in April 2007 and from 1.0072 to 1.0112 in May/June 2007 with a mean of 1.0090 in both months (Fig. 2a, b , grey boxes, Table 5 ). The egg density had a narrower distribution in April 2008 compared to April 2007 (Fig. 2a, Table 5 ) but mean values were similar between years. Later in the season (May/June 2008), egg density was between 1.0051 and 1.0080, the lowest density (=highest buoyancy) observed in this study (Fig. 2b, Table 5 ). Mean egg density was significantly higher in April than in June 2008 (Table 4) .
Comparison of field caught eggs versus experimentally derived egg densities resulted in an overlap with buoyancies from fertilization/incubation salinities of 8, 11 and 14 in April 2007 (Fig. 2a, grey  box) ; however, this overlap was low for eggs which were incubated at salinities of 8 and 11 in April 2008 (Fig. 2a, lined box) . A high overlap between laboratory-and field-derived egg densities was observed during May/June 2008 (Fig. 2b , shaded box), but no overlap was observed in 2007; higher density values were obtained in field-sampled eggs (Fig. 2b, grey box) .
Egg size effect on buoyancy
There was no significant difference in mean egg buoyancy among the three egg size classes in May/ June 2007 and April 2008 but all three size classes were significantly different from one another in 
Larval phase
Morphometric traits of larvae fertilized and reared under different salinities
Larval SL was not significantly different among the salinity treatments, neither at hatch (p>0.1) nor   FIG. 3. -Yolk sac larval morphometric traits (standard length (SL, mm), yolk sac area (YSA, mm²) and body area (BA, mm²)) of Baltic Sea sprat larvae originating from the fertilization trial (trial 1), at hatch (Day 0, left panels a, c, e) and at yolk sac depletion (YSD -Day 11, right panels b, d, f). Box-Whisker plots show the median as a black bar, the 25 th and 75 th percentiles as vertical boxes with the 10 th and 90 th percentiles as error bars. Numbers of measured larvae are presented above each Whisker. Asterisks mark significant differences between salinities.
at YSD on day 11 (p>0.4) (Figs. 3a, b and Table 4 ). However, YSA at hatch was significantly different between salinity treatments with the largest mean ±SE (2.37±0.26 mm²) area at a salinity of 8. On day 11, YSA was reduced to less than 5% of the original area-at-hatch and did not differ significantly (p=0.07) between the salinity groups (Fig. 3d) . BA was not significantly affected by salinity at hatch (p>0.1) or at yolk depletion (p>0.8) on day 11 (Figs. 3e, f) .
Morphometric traits of larvae fertilized together then reared under different salinities
Larval SL at hatch was largest at a salinity of 14 (3.24±0.09 mm) compared to 18 and 35 ( Fig. 4a and for statistical comparisons see Table 4 ). This significant difference in larval length (p=0.001) was not observed at EP on day 9 (Fig. 4b) . YSA was significantly affected by salinity (p=0.0001), where the YSA of larvae incubated at 8 (2.04±0.2 mm) was significantly greater than that at all other salinities (Fig. 4c) . No significant differences in YSA were observed among larval groups at salinities of 11, 14 and 18, and among those at 30 and 35. However, at EP yolk reserves of surviving larvae did not differ significantly (p=0.11) among treatments (Fig. 4d) . BA (Fig. 4e) did not significantly differ at hatch (p=0.14). At EP, BA was largest at 8 (1.13±0.09 mm) and tended to decrease (p=0.088) with increasing salinity (Fig. 4f) .
DISCUSSION
Egg development duration and survival
An egg development duration of 9 days at 6°C agreed well with values (9.5 and 9.2 days) reported by Petereit et al. (2008) for Baltic sprat eggs incubated at similar temperatures (6°C and 6.3°C) and fertilized (incubated) at a salinity of 7.1 (14.8). That hatching time is independent of salinity corresponds with the majority of published reports (review paper by Kamler, 2002) . In contrast, Holliday and Blaxter (1960) found a two-day retardation to peak-hatch in herring at salinities of 5.9 and 11.5 compared to salinities of 22 to 45. Laurence and Howell (1981) stated that "it is hard to attach any significance in an ecological sense to differences spanning only 0.6 days", which they found as a statistically significant result of accelerated egg development at increased salinity (range 28 to 38) in yellowtail flounder (Limanda ferruginea). However, for the situation of sprat in the Central Baltic Sea, reduced egg development time could be beneficial for survival due to a high predation pressure on eggs by clupeids (Köster and Möllmann, 2000) . Sprat eggs in this study were also incubated in salinity conditions exceeding the natural range experienced in the central Baltic Sea (30 and 35), but development time remained the same in all experiments. This implies that mainly other factors such as temperature, oxygen or egg size control the duration of embryonic development. However, there may also be a direct effect of salinity on egg survival, which could be relevant for recruitment.
Egg survival differed significantly between fertilization trials 1 and 2, indicating that the conditions were different in some unknown way; however, in both trials mean egg survival was lower at a salinity of 8 compared to salinities of 14 and 20. Though a corresponding effect was not obvious in trial 3 at salinities ranging from 8 to 35, there might be a trend to higher survival at salinities >8, probably with a peak around 14 to 18, but confirmation from further experiments is required. For the situation in the Central Baltic this would imply a higher egg survival in deeper water masses compared to less saline, intermediate water layers or on the slopes of deep basins where spawning occurs. A salinity of 5, however, did not lead to completion of egg development. These eggs were fertilized at a higher salinity, and the question remains open of whether successful fertilization can occur at such low salinities. Sperm motility experiments, using 8 male sprat captured in the Bornholm Basin, revealed that only 2 of them produced viable sperm at salinities of 5 (Petereit, unpublished data) . In any case, even if eggs were fertilized at a salinity of 5, no larvae would survive from these eggs (Sjöblom and Parmanne, 1980) . Egg survival can also be influenced by low egg buoyancy. Sprat eggs are assumed to have a minimum buoyancy limit at a salinity of 6 (Kändler, 1941) or 6.5 (Hempel, 1979) . This implies that eggs would sink to the bottom and die if water salinity fell below this threshold. At the present time, salinities ≤5 are very unlikely to occur on the main spawning grounds of sprat in the Central Baltic Sea, but a tendency towards lower salinity may be expected in the future (BALTEX, 2006) .
The importance of abiotic factors on egg buoyancy after release of the eggs from the ovary into water has been questioned. Hempel (1979) stated that incubation salinity (via perivitelline water) does not contribute to the buoyancy of the eggs in general. This is supported by Nissling et al., (2003) who found no significant difference in egg specific gravity in fertilization experiments with Baltic Sea sprat eggs at salinities of 10 and 15. However, our study showed clear positive relationships (r²>0.75) of increased egg density resulting from increased fertilization (and incubation) salinity, at least for the April situation, indicating that salinity as a factor cannot be neglected. Density adjustments of typical teleost eggs after they have been transferred to markedly different salinities have been described earlier (Jacobsen and Johansen, 1908; Kändler and Tan, 1965) . A mechanistic explanation based on the permeability of the chorion for water and salts is given by Alderdice (1988) . Egg swelling continues as water and ions enter the forming perivitelline fluid until a steady state ensues between the chorion and the increasing hydrostatic pressure (Alderdice, 1988) . The change in neutral buoyancy of the eggs has been estimated as corresponding to approximately 2 practical salinity units at a change in ambient salinity of 10 practical salinity units (Coombs et al., 1985) , which agrees well with the results of the present study.
In principle, the observed differences in buoyancy could also have been derived from differences in egg size. An inverse relation between egg size and egg density has been shown by Nissling et al. (2003) for Baltic Sea sprat eggs. Our results from field samples in May/June 2007 and April 2008 did not support an inverse relation between egg size and egg density; but the May/June 2008 situation revealed a size effect on egg buoyancy. At that time, sampling was performed at 9 stations covering northern, central and southern stations in the Bornholm Basin. In 8 of 9 stations, there was a trend of increased buoyancy with increased egg size. But at two stations, egg buoyancy of the smallest eggs was almost identical to medium and large sized eggs. However, this could neither be related to spatial aspects (the northern versus the southern part of the basin) nor to bottom depth (71 m and 89 m respectively) and was not consistent with salinity variations at the different stations. Maternal effects could contribute to the observed patterns, but this was not found in two of the three events. Thus, a sampling effect cannot be excluded and may have influenced the result in May/ June 2007, when only one station was sampled. Otherwise, eggs utilized in experiments originated from several sprat females, but all eggs were pooled and mixed before they were distributed to the respective fertilization/incubation salinities. Thus, we could exclude the potential effect of egg size on the observed density increase with increased incubation salinity at least for the experimental results, but we could not quantify within this study how much individual egg size derived by either maternal effects or batch number contributes to the observed results.
In addition, a clear seasonal difference in egg buoyancy could be observed in April and May/ June 2008 concurrent with the progressing spawning season. The cause of the seasonal phenomenon is not sufficiently understood to date (Nissling et al., 2003) . This effect might be partly explained by marked differences observed in the vertical distribution of sprat in the course of the spawning season as derived from hydro acoustic survey data (Stepputtis, 2006 (Alekseev and Alekseeva, 2005) . It is possible therefore that sprat could spawn and eggs would be activated at relatively high salinities occurring within the halocline and deep water layers and at progressively lower salinities as the spawning season progresses. Spatial variation in egg density has been described for eggs of Bay of Biscay anchovy (Engraulis encrasicolus) where egg density increased with increased sea surface salinity (Goarant et al., 2007) . For other Baltic species like cod, plaice (Pleuronectes platessa), flounder (Platichthys flesus) and dab (Limanda limanda) Hohendorf (1968) performed micro measurements of the concentration of blood, urine and ovarian fluid in a decreasing salinity gradient (from west to east in the Baltic Sea). He found a significant decrease in ovarian fluid concentration and a slight increase in blood concentration from west to east. He concluded that the final adaptation of the specific gravity of the pelagic eggs to the outer medium took place during spawning in seawater in the phase of activation. To our knowledge there is no information on blood or adult body fluid concentrations of sprat available which could help answer how slow or fast osmolality is regulated for this species under changing salinity conditions. Further research in this direction is desirable, particularly given the daily movements of fish between water depths with different salinities. Ponwith and Neill (1995) hypothesized that changes in ambient salinity and impacts on the osmolality of adult body fluid were responsible for significant differences in the egg buoyancy in red drum (Sciaenops ocellatus L.). That study collected eggs from a broodstock adapted to a salinity of 28 and 32 for the first and second trials respectively. They suggested that "even if osmoregulation is marked in fish, euryhaline species may conform to their environment to a certain extent before the cost of active osmoregulation is warranted."
Consequences of different salinities for yolk sac larvae
Salinity during egg phase had a significant effect on YSA at hatching, with lower values at higher incubation salinities, but the duration of the yolk sac phase was not affected. This implies that suboptimal salinities did not lead to an earlier depletion of endogenous resources, at least in combination with the temperature conditions larvae experience in the field. However, the size of the yolk sac also regulates larval buoyancy. Within the first days post hatch, yolk sac larvae and eggs remain in the same water layers, but with continued development, neutral buoyancy of the former will not be obtained at the same depth. Increased salinity reduces passive sinking speed in larval Baltic cod (Rohlf, 1999) . Whether higher salinity conditions are energetically favorable for sprat larvae (i.e. to counteract their sinking speed) was not analyzed in this study but would be an interesting topic for future research. Unlike the YSA, mean BA in all trials was not significantly different between salinities, but varied considerably at EP and YSD in all experimental salinities. This might be explained by phenotypic plasticity in the offspring originating from several females.
Conclusion and outlook
We have demonstrated that fertilization/incubation salinity can influence egg buoyancy patterns in Baltic sprat. An egg fertilization/incubation salinity difference of ~12 (8 to 20 or 18 to 30) resulted in a ~0.002 to 0.003 g*cm -3 change in egg density. Seasonal differences in egg buoyancy could not be solely explained by fertilization salinity. Ovarian predetermination of egg density and/or changes in adult vertical distribution during oocyte maturation might be important factors. Understanding the factors that contribute to differences in egg buoyancy is especially important since changes in vertical position can strongly impact transport patterns of fish ELS. This may result in spatio-temporal differences of transport from spawning grounds to areas with a suitable or unsuitable habitat for eggs as well as for larval and juvenile fish. This is particularly the case in the Baltic Sea where there are strong vertical and horizontal (east-west) salinity gradients.
Egg buoyancy thresholds may be exceeded if winddriven advection transports eggs eastward into low salinity regions where eggs would sink and die due to low oxygen conditions at depth. The quantification of eastward-oriented drift of eggs and larval fish and the corresponding contribution of juveniles to eastern Baltic fish stocks may be helpful for management particularly during periods when the ratio between the spawning stock biomass of western and eastern stocks is relatively high compared to long term means.
